-Recently, the use of overexpression of telomerase reverse transcriptase (TERT) has led to the generation of immortalized human cell lines. However, this cell immortalization approach has not been reported in well-differentiated mouse cells, such as renal epithelial cells. We sought to establish and then characterize a mouse collecting duct cell line, using ectopic expression of mTERT. Isolated primary cortical collecting duct (CCD) cell lines were transduced with mouse (m)TERT, using a lentiviral vector. mTERT-negative cells did not survive blasticidin selection, whereas mTERT-immortalized cells proliferated in selection media for over 40 subpassages. mTERT messenger RNA and telomerase activity was elevated in these cells, compared with an SV40-immortalized cell line. Flow cytometry with Dolichos biflorus agglutinin was used to select the CCD principal cells, and we designated this cell line mTERT-CCD. Cells were well differentiated and exhibited morphological characteristics typically found in renal epithelial cells, such as tight junction formation, microvilli, and primary cilia. Further characterization using standard immunofluorescence revealed abundant expression of aquaporin-2 and the vasopressin type 2 receptor. mTERT-CCD cells exhibited cAMP-stimulated/benzamil-inhibited whole cell currents. Whole cell patch-clamp currents were also enhanced after a 6-day treatment with aldosterone. In conclusion, we have successfully used mTERT to immortalize mouse collecting duct cells that retain the basic in vivo phenotypic characteristics of collecting duct cells. This technique should be valuable in generating cell lines from genetically engineered mouse models.
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A RECENT DEVELOPMENT IN CELL immortalization uses overexpression of telomerase reverse transcriptase (TERT), the catalytic subunit of the telomerase enzyme (28) , to immortalize primary cell lines. This enzyme provides for the replacement of short segments of DNA that are lost during cell replication (10) . Loss of telomerase activity is thought to be involved in cell senescence in culture and in the process of aging (16, 32) . Telomerase is abundantly expressed in cells that routinely undergo cell division, whereas it is expressed at low levels in most well-differentiated somatic cells (10, 14, 16, 18) . In addition, mouse (m)TERT levels also appear to diminish over time in primary cell cultures, in part, leading to cell senescence and cell death (1, 6, 10, 14, 18) . Work with human primary cell lines has shown that ectopic expression of human TERT (hTERT) can lead to continued cell replication and hence, immortalization (21, 31, 37, 39) . More importantly, recent reports have shown immortalized hTERT cells remain differentiated, thus preserving the phenotypic properties that closely resemble in vivo characteristics (37, 39) .
A current literature search revealed no successful mTERT immortalization of differentiated cultured mouse cells, whereas mTERT has been used to immortalize mouse embryonic fibroblasts, embryonic stem cells (2, 13) , and spermatocytes (11) . The lack of mTERT-mediated immortalization in well-differentiated mouse cells might be due to the intrinsically higher level of TERT expression in mouse compared with human cells, the delivery method of the TERT gene, or cell line variability (7, 19, 29) .
A common immortalization strategy is to culture cells derived from excised tissue of the Immortomouse. In addition, cell lines such as renal epithelial cells have been established by transfecting the cells with the SV-40 temperature-sensitive (tsA58) large T antigen (38) . Although these cells lines have provided valuable information, studies have shown this approach could result in a loss of phenotypic features as these lines become genomically unstable (32, 36, 37, 39) . Another often-used strategy is to breed the Immortomouse with genetically altered mice and to subsequently generate immortalized cell lines from the resulting offspring. However, genetic background issues can complicate this approach. Alleles of interest that produce a specific phenotype in one mouse model may be modified by background alleles that are unique to other mouse strains, such as those carrying the SV40 T antigen (3, 4, 15, 22, 34) . Creating a transgenic mouse from mice with different genetic backgrounds may produce confounding effects due to background alleles interfering with the modified genes (9, 20, 25, 30, 35, 41) .
The purpose of this study was to evaluate the feasibility of establishing immortalized mouse renal epithelial cells using ectopic expression of mTERT. If successful, this would be of substantial importance to the field, as this technology would allow cell lines to be generated directly from genetically engineered or wild-type mouse models.
METHODS
Cell immortalization. Wild-type mice from a mixed genetic background (129 and C57B6/J) were maintained in accordance with the National Institutes of Health Guide for the Care and Use of Laboratory Animals, and the Institutional Animal Care and Use Committee approved the protocol. Mice were euthanized using CO 2 asphyxiation, the kidneys were removed, and then transverse sections were immediately placed in 1% collagenase type IVS (Sigma) in DMEM/F-12 media (Media Tech). Tissue sections were incubated in collagenase, on a rotator, for 30 min at room temperature. Next, slices of renal cortex were placed in a glass petri dish containing media, and then collecting ducts were hand dissected using fine forceps under a stereomicroscope. It should be noted that although the majority of dissected tubules were collecting ducts, it was impossible to visually verify that this was a pure population of collecting duct cells/tubules. Renal epithelial cells and tubules were then transferred to a conical tube containing media and centrifuged at 750 g for 10 min. The supernatant was removed, and the tissue was resuspended in fresh media, containing 0.2 g/ml dexamethasone, 10 nM triiodothrionine, 1ϫ insulin-transferrin-sodium selenite (ITS), and 5% FBS (Fisher) and placed onto Snapwell permeable membranes, in six-well plates (12-mm diameter, 0.4-mm pore, polyester; Costar). All media additives were purchased from Sigma except FBS. No antibiotics were added to the media, in preparation for the transduction with the mTERT lentiviral expression construct. Cells were maintained in a 37°C humidified incubator with 5% CO2 for 2 days to allow cell colony formation.
The mTERT expression plasmid was generated using the ViraPower Lentiviral Expression System (Invitrogen, Carlsbad, CA). A full-length cDNA clone of mTERT was obtained from inner medullary collecting duct (IMCD) cells by RT-PCR, using sequencespecific primers. BP Clonase was used to clone the mTERT gene into pDONR221, generating the entry vector. Recombination of the mTERT entry vector with the pLenti6/UBC/V5-DEST Gateway Vector, containing a blasticidin selection marker, resulted in the destination vector. Lentivirus was generated in 293FT cells by cotransfection with the mTERT expression plasmid and the ViraPower packaging mix, using Lipofectamine 2000 (Invitrogen) to increase transfection efficiency. The supernatant, containing the lentivirus with the mTERT gene and blasticidin resistance gene, was then harvested 72 h posttransfection and filtered through a 0.45-m nylon membrane. To assay the viral titer, 2 ϫ 10 5 IMCD cells were plated in each well of a six-well plate. Then, 10-fold serial dilutions of the viral supernatant (from 10 Ϫ2 to 10 Ϫ6 ) were prepared, and IMCD cells were transduced with the lentivirus containing mTERT and the blasticidin resistance marker in five of the six wells. IMCD cells in the remaining well received an empty vector. Cells containing the blasticidin resistance gene also contained the mTERT gene, so complete media with 5 g/ml blasticidin was used to select cells containing the mTERT gene 48 h posttransduction. Surviving colonies were visualized with crystal violet staining (Sigma). IMCD cells transduced with the empty vector did not survive.
The highest viral titer, 1.36 ϫ 10 6 transducing units (TU)/ml, was used to introduce mTERT into the dissected primary collecting duct cells. Cells immortalized with the mTERT gene were selected 48 h posttransduction, using 5 g/ml blasticidin in complete media. Blasticidin was included in the media for 40 subpassages to maintain selection pressure and reduce the possibility of culturing cells that did not contain the mTERT gene. For patch-clamp studies, cells were maintained only in culture media without antibiotics. There were no apparent differences in cell morphology or in cell responsiveness between cells cultured with or without antibiotics. One week posttransduction, cells were trypsinized with 0.25% trypsin-EDTA (Invitrogen) and transferred to a 24-well culture plate (Fisher) to visualize cell morphology. A glass column, affixed to the plate with vacuum grease, was used to select cells with visual epithelial characteristics. Cells within the glass column were removed using 0.25% trypsin-EDTA and replated into T-75 flasks until confluent.
Control cell line. The BAP2 cell line was used as a control because it was derived from the collecting duct using microdissection in a similar manner as the mTERT-immortalized cells. BAP2 is a collecting duct cell line expressing normal Tg737 (ift88) derived from an orpk mouse crossed with the Immortomouse (40) . BAP2 cells were grown to confluence at 33°C in DMEM/F-12 with 0.2 g/ml dexamethasone, 10 nM triiodothrionine, 1ϫ ITS, 5% FBS, and 12 U/ml IFN-␥. When cells were confluent, they were placed at 37°C in complete media without IFN-␥ for 5 days until differentiated.
Flow cytometry. Visually selected mTERT-immortalized cells were incubated in PBS with 0.1% FBS containing 20 g/ml of the biotinylated lectin, Dolichos biflorus agglutinin (DBA; Vector), at 37°C for 30 min. The cells were washed one time in PBS to remove unbound lectin and then incubated at 37°C for 30 min in PBS containing 10 g/ml cascade blue-avidin-neutravidin conjugate (Invitrogen). Cells were then washed two times in PBS to remove unbound fluorophore and were immediately sorted on a Becton Dickinson FACSAria. The selected cells were plated in a T-25 flask and then expanded and used for subsequent experiments.
Magnetic selection of epithelial cells. In an effort to further ensure the purity of this cell line, epithelial cells were selected using an EasySep Mouse Epithelial Cell Enrichment Kit from Stemcell Technologies (Vancouver, BC). Cortical collecting duct epithelial cells previously selected by flow cytometry were enriched by depletion of hematopoietic and endothelial cells. Briefly, nonepithelial cells were specifically labeled with biotinylated antibodies and subsequently labeled with dextran-coated magnetic nanoparticles. The cell suspension was placed in the EasySep magnet so that the magnetically labeled cells adhered to the sides of the tube and the epithelial cells were decanted into a fresh tube. Enriched epithelial cells were resuspended in complete media without antibiotics and used in electrophysiology experiments.
Immunofluorescence. mTERT-CCD and BAP2 cells were plated onto eight-well chamber slides (BD Bioscience) or onto Snapwell permeable membranes and grown to confluence. To visualize apical DBA and the tight junction marker zonula occludens (ZO)-1, cells grown on Snapwell permeable membranes were fixed with 4% paraformaldehyde (PFA) at room temperature for 10 min, washed three times with PBS, and then 20 g/ml of FITC-conjugated DBA lectin (Vector) was incubated in the apical compartment of the permeable support for 30 min at room temperature. Cells were washed five times with PBS to remove unbound lectin and then were permeabilized using 0.5% saponin (Sigma) for 5 min at room temperature to allow ZO-1 access to its binding sites. All other cells, on eight-well chamber slides, were fixed and permeabilized as described above. All cells were blocked with 5% IgG-free BSA (Jackson ImmunoResearch) and 5% normal serum from the secondary antibody's host animal for 1 h at room temperature. Primary antibodies were added for overnight incubation at 4°C. Secondary antibodies were incubated 1 h at room temperature. Subsequently, cells were washed two times with PBS-T containing 1% BSA and 1% normal serum and then three times with PBS. A 1:500 dilution of Hoechst (Invitrogen) was added to the final PBS wash and incubated for 15 min. Slides were mounted with Vectashield (Vector), sealed with nail polish, and then viewed on a Leica confocal (TCS SP5) inverted microscope (DMI5000); images were acquired using LAS software. Antibodies used were 1:50 vasopressin 2 receptor (V2R; Abcam), 1:100 aquaporin-2 (AQP2; Abcam), 1:500 ZO-1 (Santa Cruz Biotechnology). Secondary antibodies, 1:1,000 dilution, were conjugated with Dylight fluorophores (488 or 549 nm, Jackson ImmunoResearch). To confirm antibody specificity, secondary antibodies were added to cells without primary antibodies. No fluorescence was observed in these cells.
Real-time quantitative PCR. Cells were grown to 80 -90% confluence on six-well plates (Corning). Total RNA was isolated from TERT-immortalized and BAP2 (control) cells using TRIzol reagent (Invitrogen, Carlsbad, CA) and reverse-transcribed using SuperScript One-Step RT-PCR System (Invitrogen). BAP2 and mTERT mRNA were quantified by RT-PCR using an iCycler iQ (Bio-Rad) with RT 2 SYBR Green qPCR Master Mix (SABiosciences) and mTERT-specific primer mix (PPM03702A; SABiosciences). Cellular GAPDH mRNA was used as the normalization control.
Telomerase activity. Telomerase activity was measured using realtime quantitative telomeric repeat amplification protocol (RTQ-TRAP) as described by Karystinou Flow-dependent changes in cytosolic calcium concentration. mTERT-CCD and control cells were grown on 35-mm round glass no. 1 coverslips (Glycotech) until 100% confluent and then incubated in phenol red-free DMEM/F-12 containing 5 g/ml fura 2-AM, resuspended in DMSO/20% pluronic acid (Teflabs), for 1 h at 37°C. The cells were then rinsed with PBS and attached to a parallel plate chamber (Glycotech) using a vacuum seal. An IPC-8 pump (Ismatec) was used to perfuse cells with a modified, low-sodium Ringer solution. Modified Ringer contained (in mM) 10 NaCl, 4.5 KCl, 1 CaCl 2, 2 MgCl2, 10 D-glucose, 10 HEPES, 130 NMDG, and 1 probenecid (Invitrogen). All chemicals were purchased from Sigma except probenecid. The perfusion chamber was mounted on a Nikon TE 200U inverted microscope, and cells were visualized with a QuantEM 512SC camera (Photometrics). Microscope stage and objectives were contained within an environmental chamber (Okolabs), which maintained a consistent temperature of 37°C and was covered with black cloth to block out ambient light. Excitation wavelengths were set at 340 and 380 nm, and the emission wavelength was 515 nm. Cells were equilibrated for 10 min and then subjected to a perfusion rate of 5 ml/min. Changes in the fura 2 ratio were monitored with Easy Ratio Pro software (Photon Technology International).
Transmission electron microscopy. mTERT-CCD and BAP2 cells were cultured on Snapwell filters in normal media. Cells were treated under four different conditions: control, 100 nM aldosterone, 10 M amiloride, or 100 nM aldosterone in the presence of 10 M amiloride. Aldosterone was added for 6 days before fixation. Samples were blinded to prevent bias. Filters were fixed in 2.5% each formaldehyde/ glutaraldehyde, in 0.1 M sodium cacodylate buffer, pH 7.4 (Electron Microscopy Sciences) overnight at room temperature. The filters were then washed in maleate buffer, pH 5.2, and postfixed in 1% osmium tetroxide in phosphate buffer for 1.5 h at 4°C. After washing in maleate buffer, filters were stained with a solution of 1% uranyl acetate in maleate buffer, pH 6.0. Samples were dehydrated in a graded series of ethanol, placed in molds, and embedded in EM Bed 812 in a 60°C oven overnight. Semithin sections were stained with toluidine blue, while ultrathin sections were stained with uranyl acetate and lead citrate and then examined by light microscopy and transmission electron microscopy (TEM), respectively. Ultrathin sections (90 nm thick) were obtained using a Leica EM UC6 ultramicrotome (Leica Microsystems) mounted on copper grids and observed in an FEI Tecnai T12 Spirit electron microscope, operated at 80 kV (FEI). Images were recorded with an AMT 2K CCD camera at various magnifications.
Electrophysiological characterization. Patch micropipettes with a tip resistance of 3-6 M⍀ were fabricated using a Sutter P-97 micropipette puller (Sutter Instruments, Novato, CA). Micropipettes were filled with an electrolyte solution containing (in mM) 100 potassium gluconate, 30 KCl, 10 NaCl, 20 HEPES, and 0.5 EDTA. The bath contained DMEM/F-12 50/50 cell culture medium. All experiments were performed at room temperature. The cells were initially sealed in the pipettes with seal resistance of 1-3 G⍀. Whole cell clamp conditions were obtained by applying suction to the pipette until an abrupt decrease in resistance and increase in capacitance were observed. The holding potential was set at Ϫ60 mV. Subsequently, the membrane potential was clamped to a series of voltages ranging from Ϫ130 to ϩ20 mV in 15-mV increments for 800 ms each, returning to the holding potential of Ϫ60 mV for 1 s between each test voltage. This protocol was implemented using an Axopatch 200B patch-clamp amplifier, Digidata 1440A digitizer, and pCLAMP 10 software (Axon Instruments, Sunnyvale, CA). Channel activation by forskolin (1 M) and subsequent blockade by benzamil (10 M) were accomplished by perfusion of these agents into the bath solution. Upregulation of the epithelial sodium channel (ENaC) was achieved with the addition of 100 nM aldosterone to cultured cells for 6 days, before whole cell patch clamp. Statistical significance was calculated using GraphPad Prism (La Jolla, CA).
RESULTS
mTERT-negative cells did not survive blasticidin selection, whereas mTERT-immortalized cells continued to proliferate in selection media for Ͼ40 subpassages. In the absence of blasticidin, mTERT cells remained differentiated and retained CCD phenotypic characteristics. These renal epithelial cells were then subjected to flow cytometry (Fig. 1) , and DBApositive cells were selected to ensure the cell population originated from principal cells of the collecting duct. In addition, sorted mTERT-CCD cells were labeled with DBA and visualized by fluorescence microscopy (see Fig. 3 ).
Quantitative RT-PCR was used to determine whether these cells had a greater mTERT expression level than BAP2 cells. As shown in Fig. 2 , mTERT-CCD cells expressed a 32-fold higher level of mTERT mRNA compared with BAP2 control cells. Telomerase activity was also measured, using RTQ-TRAP. As shown in Fig. 2 , mTERT-immortalized cells had 8.5-fold higher telomerase activity than cells immortalized using SV40. We have designated this cell line as mTERT-CCD.
Brightfield, confocal microscopy, and EM were used to visualize the morphological characteristics of mTERT-CCD cells grown on permeable membranes.As shown in Figs. 1 and 3 , mTERT-CCD cells exhibited an "epithelial-like" appearance at both the EM and light levels. The EM micrographs revealed an abundance of microvilli, the presence of a primary cilium on the apical surface, and well-developed cell-to-cell junction complexes. Collecting duct cells in vivo uniquely express AQP2 at the apical membrane, and V2R at the basolateral membrane. Therefore, we assessed the expression and localization of these two proteins in mTERT-CCD cells. As shown in Fig. 3 , mTERT-CCD cells expressed these two key proteins in specific locations unique to CCD cells in vivo. Differentiated CCD cells have well-defined tight junctions and express apical DBA. Patch clamp was used to measure the whole cell currents in the mTERT-CCD cells (8) . Renal collecting duct epithelial cells express an amiloride/benzamil-sensitive sodium channel that is upregulated by cAMP and by the mineralocorticoid aldosterone. Whole cell currents were increased from basal levels with the addition of 1 M forskolin and were subse-quently blocked by 10 M benzamil (Fig. 4) . Prolonged administration of aldosterone increases basolateral surface area and the transepithelial transport of Na ϩ in collecting duct cells (24) . Cells treated with 100 nM aldosterone for 6 days before patch clamp had significantly elevated whole cell currents compared with cells treated only with vehicle (Fig. 4) .
mTERT-CCD cells grown on filter supports and treated for 6 days with 100 nM aldosterone were fixed for TEM, either in the presence or absence of 10 M amiloride added apically. The EM images in Fig. 5 showed that aldosterone-treated mTERT-CCD cells demonstrated an abundance of basolateral infoldings and space expansion. However, cells treated with 10 M apical amiloride had decreased or absent basolateral spaces.
DISCUSSION
Telomerase is a ribonucleoprotein complex, consisting of the catalytic subunit TERT and an RNA component that adds TTAGGG repeats to the chromosome ends, thereby maintaining the length of the telomeres (23) . It has also been suggested that telomerase has other functions, such as regulating glycolysis, altering telomere interactions with the nuclear membrane, and protecting the cell against apoptosis (5). Telomeres protect against chromosome fusion and destruction. Cell senescence has been linked to shortening and loss of telomeres, while constitutive maintenance of telomeres may lead to cell proliferation and immortalization (5, 33) . Although TERT is present in proliferating human cells, such as stem cells, progenitor cells, and immune cells, it is largely undetectable in terminally differentiated cells. This was the rationale for the initial use of TERT overexpression as a potential strategy for cell immortalization. The major advantage of this approach is longer telomeres compared with their human counterparts, suggesting that TERT addition might be relatively ineffective in immortalizing differentiated cells in this species. The availability of a large number of genetically engineered mouse models of human disease and the development of conditional floxed alleles, in which the activation of Cre can be used to knock out specific genes/proteins, provided a compelling rationale to assess whether TERT could be used to immortalize mouse renal epithelial cells. The findings of our study demonstrate that it is possible to establish a renal epithelial cell line that corresponds to the primary cells. Quantitative RT-PCR (Fig. 2) indicates that mTERT mRNA levels are substantially greater compared with an immortalized mouse collecting duct cell line that was created using the SV-40tsA58 large T antigen (BAP2). Several lines of evidence suggest that mTERT overexpression is responsible for cell immortalization and proliferation. The increased mTERT mRNA suggests that the higher mTERT expression level is driving cell proliferation and that , primary cilium (ϫ4,400 magnification; E), and extensive microvilli (ϫ11,000 magnification; F). Note in E the large membrane protrusion and standard ciliary dimensions were used as criteria for our reference to this structure as a primary cilium. We suggest the basal body and centriole to be merely out of this thin optical plane presented in above micrograph, as primary cilia were routinely seen in these cells by DIC and immunofluorescence.
the mTERT-CCD cell line is not the result of a spontaneous transformation. In addition, the telomerase activity is 8.5-fold higher in mTERT-CCD cells than in BAP2 cells. We have also successfully established mTERT-immortalized collecting duct cell lines from a congenital polycystic kidney (cpk) mutation mouse model and the corresponding control mouse (Steele SL, Guay-Woodford L, and Bell PD, unpublished observations). Our ability to immortalize cells from two other mouse strains, after only one attempt, reduces the likelihood that the immortalization of the mTERT-CCD cells is due to a spontaneous immortalization or to some concomitant mutation occurring at or near the time that the cells were subjected to mTERT transduction. The cpk mTERT cells were maintained in selection media for 4 subpassages and continue to proliferate and remain differentiated for 10 subpassages without blasticidin selection. In addition, primary collecting duct cells that were transduced with an empty vector died when subjected to antibiotic selection. Had these cells survived, we would suspect they were spontaneously immortalized. Although it has been reported that collecting duct cells do spontaneously immortalize (12) , the frequency of this event is so small we do not feel that it is a practical method for creating cell lines.
One possible reason we were successful in generating this cell line could be related to the method of TERT immortalization. Renal epithelial cells are notoriously difficult to transduce or transfect using conventional techniques, which has prompted us to use lentiviral vectors to insert genes into these cells. This efficient system of transducing genes into cells may be an important reason we were successful in generating the mTERT-CCD cell line.
Dedifferentiation and increased tumorigenesis have been suggested as a possible effect of TERT overexpression in cells (13, 37) . Thus it was important to determine whether we could isolate a pure population of principal cells of the collecting duct and to determine whether these cells retained phenotypic characteristics of collecting duct cells found in vivo. mTERTimmortalized cells were subjected to flow cytometry, using DBA selection, to isolate principal cells of the collecting duct. The mTERT-CCD cell morphology was analyzed using brightfield, confocal microscopy, and EM. mTERT-CCD cells appear to have morphological characteristics that are very similar to the control cell line, as well as to collecting duct cells in vivo. This includes well-developed junction complexes between cells, abundant microvilli, and primary cilia. In addition, these cells lack the vacuoles and lysosomal compartments that are often found in oncogene-transformed cells (26, 27) . The mTERT-CCD cells also exhibit Na ϩ transport via ENaC, as assessed using patch clamp and whole cell conductance. Specifically, inward currents are increased by elevations in cAMP and inhibited by benzamil. In addition, prolonged treatment with aldosterone enhances inward currents, which is consistent with upregulation of ENaC activity.
In addition to collecting duct cell morphology, we found that mTERT-CCD cells express AQP2 water channels and V2R. We also show that increasing cAMP with forskolin and aldosterone administration both lead to increases in amiloride/ benzamil-sensitive ENaC channel activity, as reflected by changes in the whole cell currents. These data indicate that mTERT-CCD cells have the key morphological, biochemical, and functional properties of the renal collecting duct.
In conclusion, we report that mTERT can be used to successfully immortalize mouse renal collecting duct epithelial cells. mTERT-CCD cells retain the features found in principal cells of the collecting duct in vivo. This immortalization technique should be very important to a number of researchers, given the large number of genetically altered mouse models.
